The paper presents the results of studies of Ti6Al7Nb alloy properties used in biotribological systems. The following physicochemical treatments of the alloy were compared: polishing, sandblasting, etching as well as sandblasting and etching. Element identification was performed using a scanning electron microscope equipped with an EDS microanalyser. Scanning and confocal microscopy was used to observe surface morphology and topography. Frictional tests were carried out using a ball-disk coupling in reciprocating motion in technically dry friction and friction with lubrication with Ringer's solution. An optical tensiometer was used to determine the contact angle. As a result of the applied physicochemical treatments, surfaces of different morphology and geometric surface structure were obtained. The polished and etched sample had the most homogeneous surface. It was found that surface roughness significantly influences tribological properties. For the samples characterized by micro roughness of the surface, the best characteristics were obtained under conditions of technically dry friction. However, under the conditions of lubrication with Ringer's solution, the properties were the best for the samples characterized by nanoroughness. Ringer's solution reduced resistance to motion by approximately 20%. A negative influence of surface development on wetting was also found.
INTRODUCTION
The surface texture of the outer layer determines the basic properties of materials used for producing medical implants. The first contact of the organism with the biomaterial occurs through the surface layer. The interaction between the surface of the implant and the biological environment in vitro or in vivo is related to the properties of the outer layer of the material, the most important of which are the following: chemical composition, topography, surface energy, and wetting [1] [2] .
The leading group of materials used for implants are metallic biomaterials. They are used for orthopaedic, dental, cardiac, and endovascular implants. Because they are in direct contact with tissues and bodily fluids, they have to meet strict requirements. The most important feature they should have is biocompatibility, i.e. the material's ability to behave properly in contact with tissue. The biocompatibility of implants depends on the physical structure of the material and its physicochemical properties in terms of the interaction with the biological system [3] [4] [5] .
The most commonly used material in medical engineering is titanium and titanium alloys. It results from its functional properties, i.e. biocompatibility and good mechanical parameters (high strength and relatively low modulus of elasticity) [6] [7] [8] . The most popular is the α+β Ti6Al4V alloy. However, clinical observations on the biotolerance of this material indicate that vanadium ions are harmful. It has been proven to cause cytotoxic reactions and neurogenic disorders [9] . Therefore, a group of alloys of the second generation has been created, which include the Ti6Al7Nb alloy, among others. Vanadium is replaced by neutral niobium in this alloy. Chemical compositions of the oxide layer in both alloys are similar; however, Nb2O5 niobium oxides show greater biocompatibility and are less likely to dissolve in the environment of bodily fluids [10] . As a result of use, the oxide layer may be damaged and consequently lead to the release of metal ions, which are transported with blood and may enter into distant tissues [11] . Therefore, it is important that degradation products do not cause harmful reactions to the human body. In order to eliminate such hazards and improve the properties of titanium alloys, physicochemical treatments are applied. The surface can be modified using different methods depending on the planned effect. Medical implants, according to the development of their surface, can be divided into three groups: macro-, micro-and nanorough. Materials are described as micro-rough if the arithmetic mean deviation of the surface roughness S a is between a few millimetres and a few tenths of micrometres. This type of topography allows only for mechanical anchoring of the implant in the bone, whereas large irregularities may hinder cell growth [12] . For the S a parameter equal to 1-10 µm (optimum value 1-2 µm), the surface is defined as micro-rough. It provides stability with a reduced risk of ion release. Nano-rough surfaces are defined as surfaces with S a of less than 1 µm. [13] .
In case of orthopaedic and dental implants, an appropriate degree of surface roughness is desirable. Research on biomaterials has shown that osteoblasts develop better on surfaces with high surface development, but their division is faster than in the case of smooth surfaces [14] . Moreover, the developed topography of the surface of the implant increases the potential of biomechanical contact at the implant-bone tissue boundary, and it also influences the rate of protein adsorption and the healing process [15] . According to Wennerberg, implants with a medium roughness S a >1-2μm cause faster bone tissue response compared to implants with a smooth S a <0.5 μm or more developed surface S a >2 μm [13] . The situation is completely different in the case of implants that come into direct contact with blood (e.g., stents). This type of implants requires the smallest possible development of surface texture, as blood cells quickly fill in microcavities on the surface of the implant [16] . The results of in vivo studies presented in [17] showing the reaction of the organism of farm animals to the development of the surface texture of the stent are noteworthy. It was shown that the topography of the surface of the implanted material affects the early and late reactions of the vessels with stents. In the case of unpolished surfaces, thrombosis occurred and the restenosis phenomenon, i.e. the recurrence of stenosis of the treated artery was more frequent. It was found that ensuring a smooth surface of stents is a basic stage in shaping their functional properties. Moreover, smooth surfaces promote colonization by fibroblasts, while surfaces with moderately developed surface topography cause the colonization and growth of osteoblasts by stimulating implant healing into bone tissue [15] .
The article presents the use of various physicochemical surface treatments. As a result of polishing, sandblasting, etching, as well as sandblasting and etching, the samples of different morphology and surface texture were obtained. The applied treatments will be used to create surfaces in various implantological systems. As already noted, in the case of bone replacement implants, a faster osteointegration process will take place on surfaces with a moderate roughness. In the case of implants used in cardiac surgery, nanorough surfaces will be more useful.
MATERIAL AND METHODOLOGY
The materials used in the research were titanium discs with a diameter of 22 mm and a height of 6 mm with the mechanical properties presented in Table I . The material that constituted a countersample in the tribological tests were balls made of aluminium oxide (III)-Al 2 O 3 , with diameters equal to 6 mm and a surface roughness S a equal to 0.37 µm which was loaded with a normal force equal to 5 N. The most important mechanical properties of Al 2 O 3 are shown in Table II . The faces of the discs were mechanically sanded with Buehler's Automet 250 grinder-polisher. SiC sandpapers with increasing grain gradations ranging from 120 to 2500 were used. The surfaces of the discs were then polished using polishing cloths and diamond pastes with grain sizes of 6 μm, 1 μm, and 0.05 μm. The aim of the treatment was to even out the surface before performing physicochemical treatments (sandblasting, etching, and sandblasting and etching). It was assumed that the polished surface was a reference sample. Sanding was carried out with a Wasserman sandblaster using Cobra Al 2 O 3 abrasive with a gradation of 125 μm. After abrasive blasting, the discs are washed in distilled water and then in ethanol in an ultrasonic cleaner for 5 minutes each time. The surfaces of the discs were then dried using compressed air. The next step was to etch both polished and sandblasted samples. The aim of etching was to reveal the microstructure of the sample, i.e. the shape and size of grains. The etching time pick was 2 minutes. The process took place in a solution consisting of 20 mL HF, 10 mL HNO 3 , and 20 mL glycerine. In the final phase, the discs were subjected to the following tests: surface morphology, surface texture, tribological tests, and the determination of the contact angle.
Observations of the morphology and the determination of chemical composition were carried out using the Phenom XL scanning microscope, equipped with an integrated energy dispersive spectrometer-EDS. Analyses of the surface texture before and after tribological tests were performed on a Leica DCM8 confocal microscope with an interferometry mode. Experimental tribological tests were carried out on a TRB 3 pin-on-disc tribometer in reciprocal motion. A photograph of the friction node is shown in Figure 1 . The tribological tests were carried out with the technical and environmental parameters presented in Table III . Resistance to motion was determined during technically dry friction (TDF) and with the use of Ringer's solution (RS) as a lubricant. The chemical composition of the solution used is shown in Table IV . The tribological tests were repeated 5 times for each friction pair at the set parameters. Contact angle measurements were performed using an Attension Theta tensiometer. The static contact angle was determined during the tests, consisting in precise placement of drops of selected measuring liquids with a volume of approx. 4 µL on the tested surface and immediate measurement. Distilled water (pH 7) and Ringer's solution (pH 5.1) were used in the tests. The photograph of drops was taken with a digital camera after 2 seconds from the moment when it was placed on the surface of the sample. The drops were applied to each disc in a different part of the sample each time. The measurement was repeated 6 times. The contact angle was determined using OneAttension software on the basis of the measurement of the geometry of a drop of a measuring liquid applied to a given surface.
RESULT AND DISCUSSION
The aim of the research conducted using scanning electron microscopy (SEM) was a three-dimensional analysis of the surface morphology of the tested samples ( Figure 2 ) and quantitative analysis of the chemical composition in microscale (Table V) .
The surface morphology analysis showed that the polished sample has the most homogeneous surface. As a result of sandblasting, the surface of the titanium alloy had typical features for abrasive blasting, i.e. matte, heterogeneous, and developed, with high surface roughness. Visible pores with a diameter of about 1.02 µm were observed on the samples subjected to etching. The surface of a titanium alloy sandblasted with aluminium oxide and then etched also had a homogeneous surface with less roughness than that of a sample which was only sandblasted. Table V presents the elemental composition of the tested samples obtained from the EDS analysis. This is the average of 10 measurements. The values are given as weighted percentages. All test samples consist predominantly of titanium. There is also a relatively large amount of oxygen in the form of an oxide layer formed spontaneously on the surface of titanium as a result of contact with atmospheric air. The presence of aluminium was observed in all tested samples. This element is both part of the alloy and the powder used in the sandblasting process. The etching process caused the exposure of niobium grains. The content of niobium in the etched sample is approximately 50% higher than in the other tested discs.
The next stage of the research was the assessment of the surface texture after polishing, sandblasting, and etching. Figures 3 and 4 show isometric images and distributions of the ordinates of surfaces with Abbott-Firestone curves. Additional information on the shape of the surface was obtained from amplitude parameters (Table VI) .
The three-dimensional images made it possible to analyse and understand the geometric structure of the samples after polishing, sandblasting, and etching. Knowledge of the geometry of a surface is very useful when assessing its functional properties. The results of the tests revealed that, after sandblasting, and sandblasting and etching, the disc had the most developed surface texture. Additional information about the state of the outer layer can be read from the amplitude parameters: skewness (S sk ) and kurtosis (S ku ). The coefficient of asymmetry S sk, called skewness, characterizes the symmetry of the distribution of ordinates of roughness height in relation to the mean plane. This parameter is sensitive to any changes in the shape of the surface. A positive value of this coefficient indicates a surface with elevations in a sharpened shape. Table 6 indicates that, in all cases, S sk takes positive values. Kurtosis, or the coefficient of concentration, is a measure of the smoothness of the distribution curve of profile ordinates. The S ku value of 3 indicates that the ordinate curve of the roughness profile is close to normal distribution [18] . Table 6 shows that, in three out of four analysed samples, the S ku value takes a value close to 3. However, when analysing the ordinate distributions, it was noticed that only on the sandblasted surface are the distribution of the ordinates of the roughness profile close to normal distribution.
In the next stage, tribological tests were performed. Figure 5 shows the average friction coefficients and abrasive wear recorded during the tests in the technically dry friction conditions and in the conditions of friction with lubrication using the Ringer's solution. The results of tribological tests revealed that the nature of the outer layer has little influence on the value of the coefficient of friction (µ). The values of the coefficients of friction were comparable for all tested samples. The value of µ parameter oscillated between 0.45-0.52 for technically dry friction and 0.36-0.37 for friction using a lubricant. The lowest coefficients of friction in all tests were obtained for sandblasted and etched specimens. The lubricant used reduced the resistance to motion in all the tested cases.
After the tribological tests were finished, the traces of wear were measured on the samples. The measure of consumption was the maximum depth and the surface area of the wear on the cross-section. Figures 6-7 show the isometric images and the wear profiles of the tested samples.
Tests performed with an optical profilometer revealed that both technically dry friction and friction using Ringer's solution as lubrication resulted in even wear of the surface layer. Analysis of the geometric structure after tribological tests carried out under technically dry friction conditions indicates that the material with the least wear in the friction pair with the aluminium oxide ball was polished titanium. The area of wear was about 10% smaller than the other discs. Tests using Ringer's solution have shown a reduction in wear in most cases. The best characteristics were obtained for the etched sample. The exception was the sandblasted and etched sample. For this sample, the lowest friction coefficients and a 15% increase in wear were recorded in comparison with technically dry friction. On the basis of friction tests, it was found that the best tribological characteristics were obtained for nanorough samples. The next stage consisted in determining the wettability of the surface using distilled water and Ringer's solution. Figure 8 presents an example of the contact angles of the tested surfaces for Ringer's solution. Mean values of the recorded contact angles for the applied measuring liquids are shown in Figure 9 Measurements of surface wetting are extremely important when assessing the adhesion of cells to the implant surface. It is a well-known fact that the adhesion of cells decreases on hydrophobic surfaces and increases on hydrophilic surfaces [19] [20] . The osseointegration mechanism starts when the implant gets in contact with the blood. To increase the implant surface area for human osteoblast adhesion, it is necessary to increase the surface wettability. Measurements of the contact angle confirmed the development of the geometric structure affecting wetting. The contact angle values presented in Figure 9 show that two of the four analysed samples are hydrophilic. The lowest contact angle values for all analysed liquids were observed on polished surfaces; they were about 20% lower in comparison with the remaining samples. In the case of surfaces after sandblasting and etching (with a very developed surface texture), the highest contact angle values were recorded for all applied measuring liquids. Therefore, the titanium alloy subjected to sandblasting and etching is characterized by the worst wetting.
CONCLUSIONS
As a result of the conducted research, the following final conclusions were drawn. Microscopic observations showed that the analysed surfaces are characterized by different morphology, depending on the type of applied physicochemical treatment. On the basis of chemical composition analysis, it was found that all the tested samples consisted mainly of titanium and the etching process caused the exposure of niobium grains. Measurements of the geometric structure of the surface revealed that discs subjected to sanding as well as sanding and etching have higher surface roughness parameters compared to polished and etched discs. The results of tribological tests showed that the geometric structure of the surface has little influence on the value of the coefficient of friction and, with the used lubricant, reduces the resistance to motion. The lowest values of the coefficients of friction were obtained for the sample with the highest roughness. Tests performed with a confocal microscope showed that both technically dry friction and friction using Ringer's solution as lubrication resulted in even wear of the surface layer. Although the least resistance to motion was achieved for the sandblasted and etched sample, the analysis of wear revealed that it was the highest. When analysing the results of the geometric structure of the surface after tribological tests, the lowest wear was found for nanorough samples. The results of contact angle tests have shown that surfaces with developed topography have the lowest wetting. For a deeper analysis of the influence of surface development on the properties of Ti6Al7Nb, the scope of the research should be extended to include corrosion and microbiological tests, which will be a further stage of the research.
